Introduction
Thioflavin-T (4-(3,6-dimethyl-1,3-benzothiazol-3-ium-2-yl)-N,N-dimethylaniline, TFT) is a fluorescent emicyanine dye ( Figure 1 ) which acts as a molecular rotor. 1, 2 Computational studies have shown that a twisted internal charge-transfer (TICT) process takes place in the excited singlet state, resulting in a transition from the fluorescent locally excited (LE) state to the non-fluorescent TICT state, accompanied by torsion angle growth from 37 to 90 degrees. 3 The TICT process effectively competes with radiative transition from the LE state and is responsible for significant quenching of the dye fluorescence in low-viscosity environments. But the interest on TFT molecule also stays in the fact that its peculiar photophysical properties can find application in biochemistry and medicine. TFT has been used as a common marker in biomedical research over the last 50 years. The ability of the TFT molecule to recognise amyloid fibrils where other staining reagents gave inconclusive results was shown for the first time more than fifty years ago. 4 Amyloid fibrils play a role in several pathologies connected to incorrect folding, as for instance the Alzheimer's disease. 5 More recently, TFT has become a major tool to recognise these fibrils, both in vivo and in vitro. 2, 6, 7 Molecular dynamics simulations have shown that TFT binds selectively to the fibrils, in particular at the level of β-sheet and at hydrophobic amino acid residues as tyrosine. 8 This interaction, by inhibiting the rotation of the dye around its central bond, produces a strong enhancement of fluorescence emission. 6, 7 These observations strongly suggest that TFT could show high affinity for the inner hydrophobic region of DNA. Indeed, molecules of the cyanine family are strong intercalators [9] [10] [11] and TFT itself The fluorescence emission spectra are well described by two components ( Figure 3S ), the first being centred at λ em1 = 428 ± 1 nm, the second at λ em2 = 453 ± 4 nm. The ratio of fluorescence intensities at the maxima of the two component emissions (F(λ em1 )/F(λ em2 )) decreases by increasing concentration ( Figure 3S ), indicating that λ em1 should be related to the monomer and λ em2 to the aggregate form. Quenching experiments on TFT using iodide gave downward curved Stern-Volmer plots ( Figure 3 ). This result is in agreement with previous findings. Similar trends in complex systems (dye/vesicles, dye/biomolecules) are often fitted to a model where the fraction of accessible fluorophore is considered. 17 Taking into account the monomeraggregate equilibrium, a more general model that assumes two independent sites with different sensitivity to quenching was considered (equation (1)). (Table 1) and equations (4) and (S4.17).
7
These data could not be fitted to a model that considers only TFT aggregation. The mechanism that agrees with the experimental findings is shown in equations (2) and (3) where, in addition to a fast pre-equilibrium for aggregation, here supposed to be dimerization, an isomerisation step of the formed dimer is taken into account.
On the basis of the above model, the relationship linking 1/τ to the monomer concentration [D] is
given by equation (4) (for its derivation see Supplementary Information)
where K dim is the equilibrium constant of the dimerization process (2) (
2 ), k iso and k -iso are respectively the forward and backward rate constants of the isomerisation process (3) and
[D] is the TFT monomer concentration. The analysis of the data points according to equation (4) has been made by setting [D] = C D as a first approximation in order to obtain a rough evaluation K dim and K iso = k iso /k -iso . These parameters enable to calculate [D] and re-plot the data with an iterative procedure, until convergence is reached ( Figure 5S ). The analysis yields the reaction parameter values collected in Table 1 . The K dim value for TFT is similar to those obtained in case of analogous cyanine systems. 11, 14, 19 The equation for amplitude dependence on the TFT content can also be derived (see Supplementary Information). The agreement between the experimental data and the calculated trend is very good (Figure 4b ). 
The values of Table 1 can be used to obtain a distribution diagram for TFT in the different forms ( Figure 5 ). This graph shows that, under the conditions of the spectroscopic experiments (C D ≤
8.4×10
-5 M) the monomer form is predominant. Figure 6a shows the absorbance spectra recorded during a titration where increasing amounts of DNA are added to a TFT solution. The significant variation of the absorbance occurring upon increasing the DNA content (hypochromicity and bathochromic shift from 412 nm to 432 nm) and the presence of an isosbestic point indicate that the binding does take place. 20 This interaction can be, in a first approximation, described by reaction (5)
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Spectrophotometric titrations
where P f is a free binding site on DNA, D f is the free TFT and PD tot is the total complex formed.
Note that equation (5) should be intended as an apparent equilibrium that can enclose more steps (see below). The titration data are plotted according to the binding isotherm shown in Figure 6b and analysed according to equation (6) , 11 where C P and C D are respectively the total DNA and TFT concentrations, ∆A = A− ε D C D is the absorbance signal change , ∆ε = ε PD − ε D is the amplitude of the isotherm and K is the equilibrium constant associated to equation (5) . 
Spectrofluorometric titrations
The fluorescence emission properties of the TFT/DNA complex significantly differ from those of free TFT. In the absence of DNA TFT is a weak light emitter (quantum yield 10 
Salt dependence of equilibria
Being TFT a positively charged dye, a dependence on the salt content of the equilibrium binding features to negative DNA is expected. Hence, absorbance and fluorescence titrations were performed in the presence of NaCl amounts ranging between 0.01 M and 0.51 M. Figure 7 shows in a dilogarithmic plot the dependence of the equilibrium constant K on the salt content (equation (7)).
In equation (7) This result confirms the complexity of the system, where two binding modes (at least) seem to compete. Table 2 shows the values of the ∆ε parameter obtained by the absorbance titrations (λ = 412 nm) at different ionic strengths. It can be noted that the absolute value of ∆ε decreases as the salt content increases. As ∆ε = ε PD − ε D and ε D do not noticeably vary with I ( Figure 2S ), this result indicates that higher salt favours a binding mode where the spectroscopic features of the PD complex are less different from those of free dye. The data of the spectrophotometric titrations under different salt content were analysed also using the model from Scatchard. 23 On the basis of this model, the data can be plotted according to equation (8) (see Figure 10S for an example)
where r is defined as the polynucleotide saturation degree (r = [PD]/C P = ∆Α/(∆εC P )), [D] is the free dye, and γ is a parameter connected to the site size, n (n = ½(1+1/γ) 24 ). The site size is the number of adjacent base pairs of the polynucleotide that, under saturation conditions, is inhibited to further react with the dye because of the interaction with a first dye molecule. Table 3 collects the values obtained by data analysis according to equation (8) and shows that a noticeable site size increase is observed by increasing the salt content of the medium. 
Fluorescence quenching experiments
To obtain information on dye protection upon DNA Figure 3 . In the absence of DNA, the TFT dye is strongly quenched by iodide but, in the presence of DNA, the quenching effect is no longer observed.
Viscosity measurements
Viscosity measurements are often intended as the less ambiguous tool to verify the features of a small molecule binding to polynucleotides. 25 In fact, interaction can modify the chain length and viscosity is proportional to the cube of this length (in the rigid rod approximation 26 ). In this series of experiment the polymer concentration, C P is kept constant indicates that the "PD tot " notation (equation (5)) includes two different complex forms (PD and PD'), i.e. that equation (5) can be expanded as in scheme (10). (11) and (12) respectively.
The dependence of the reciprocal fast relaxation time, 1/τ f , on the concentration variable is linear (Figure 9a ), according to equation (11) .
The concentration dependence of the reciprocal slow relaxation time, 1/τ s , tends to a plateau ( Figure   9b ) in agreement with equation (12) 
where K f = k f /k -f . Equations (11) and (12) are derived on the basis of scheme (10) (see Table 4 collects the results obtained; the values of K obtained as ratios of the kinetic constants (absorbance mode) agree with those evaluated from equilibria (absorbance mode). Table 4 Reaction parameters for the interaction of DNA with TFT. I = 0.11 M, pH 7.0, T = 25°C. 
(e) thermodynamics -fluorescence; (f) low-dye kinetic analysis,
The relaxation amplitude of the fast effect was analysed according to equation (13) .
Here δA is the amplitude of the relaxation effect (expressed as a change of absorbance) following a jump of temperature of magnitude δΤ (2.7 °C), R is the gas constant, ∆H f is the enthalpy variation associated to the fast step, and ∆ε f the relevant extinction coefficient variation (∆H f and ∆ε f are unknown). The plot of (C D C P )/δA°) ½ vs. C P is linear ( Figure 13S ) and the ratio slope/intercept provides the value of K f also reported in Table 4 . A very good agreement is found between the K f values obtained by the two different calculations. Among the several models tested, the one that reproduces the experimental results is shown in scheme (14) . (14) In this mechanism, additional steps are present respect to scheme (10) because of the non-negligible dimer content in the system. The formation of PD (slow) is supposed to be rate determining, whereas the other steps are fast. On this basis, the dependence of 1/τ' f on the reactant content corresponds to equation (15) (for derivation see Supplementary Information).
where [P] and [D] are free polymer and dye respectively, µ = ( (Table 4 ) and K dim = 1.6×10 3 M -1 (Table 1) are known under the conditions of experiments. The parameters to be optimised were set to two (k s and K 3 ) as for k -s we used the relationship k -s = k s /K s = k s /1.1×10 3 ( Table 4) . The values of k s and K 3 which simultaneously fit the data of Figs. 10a and 10b are collected in Table 4 . Taking into account the complexity of the system, the agreement between k s values obtained by the two kinetic series should be considered good.
TFT underwent self-aggregation, similarly to other dyes of the cyanine family. However, TFT aggregation process showed some peculiar aspects.
First of all, no spectrophotometric evidence of the aggregation phenomenon was obtained in a concentration range where analogously aggregating cyanine dyes showed significant absorbance spectra deformation. 11, 14 This means that the absorbance spectral characteristics of the dye dimer are rather similar to those of dye monomer. Nevertheless, the spectrofluorometric and t-jump approaches enabled to enlighten TFT self-aggregation owing to their higher sensitivity compared to classical spectrophotometry.
Second, a more complex aggregation mechanism had to be considered respect to other similar systems. In fact, the kinetic data on TFT could not be fitted on the basis of a simple dimerization
model. An additional isomerisation step was necessary to explain the experimental behaviour.
Cyanine dyes can undergo both J-aggregation or H-aggregation, 11, 15, 28 where the former process Table 1 by means of the Güntelberg equation). 30 33 ; (E) the viscosity trend exhibits an abrupt change at C D /C P > 0.3 that reveals that the increase ascribed to intercalation stops and is even lost. Figure 12 shows the QM/MM calculated molecular structure of a minor groove bound dimer. The QM/MM molecular structures shown in Figures 11 and 12 confirm the robustness of the proposed mechanism. The QM/MM calculations seem to be promising in achieving a better understanding of the TFT-DNA interaction and the relevance of these findings will require further investigations. Mechanistic aspects of TFT binding to DNA at low dye loading The kinetic study enabled an enlightenment of the details of the binding processes. The analysis of the system was done first under conditions that strongly repress dye aggregation, both in solution and on the polynucleotide (low dye content and high DNA excess). The two kinetic effects found are explained on the basis of the branched mechanism shown in scheme (10) , that considers the parallel, mutually exclusive formation of two different PD' and PD complex forms. The direct transfer mechanism proposed for the ethidium/DNA system 34 can be discarded here since it requires that the plot of (1/τ f × 1/τ s ) vs.
[P]+[D] would display a parabolic trend, 35 contrary to our findings. On the other hand, a series mechanism as in scheme (16) is not kinetically distinguishable from scheme (10). . So a first step should be considered, leading to the diffusion controlled formation of an outer complex (P,D) that will evolve to the PD' and PD forms (reaction scheme (17), k f = K 0 ×k f ',
This hypothesis is confirmed also by the values of the thermodynamic parameters. In fact, K f and K s are too high to concern formation of an electrostatic outer complex (K f = 2.1×10 3 M -1 and K s = 1.1×10 3 M -1 against a value that, for a monopositive dye forming an electrostatic complex at I = 0.11M, should not exceed 10 2 M -1 37 ).
The PD' and PD forms cannot be exactly defined in their structures. Nevertheless, the results obtained by the binding equilibria analysis indicated that two types of binding, intercalation and external, should be taken into account. Under such a hypothesis, PD should be the intercalated species and PD' the groove bound one. In fact, intercalation requires energy barriers to be overcome that account for the lower rate of dye penetration into base pair slots. The numerical values of the binding parameters for the slow step given in Table 4 are in agreement with those found for similar intercalating systems. 14, 38 On the other hand, external binding is fast and agrees with the high rate constant found for the fast step (k f = 8.0×10 6 M -1 s -1 ).
Mechanistic aspects of TFT binding to DNA at high dye loading
Under conditions of high TFT content, the mechanism of scheme (14) appears to be the most suitable in order to depict the TFT/DNA system features. In effect, several other mechanisms have been taken into account and, among them, the one where the PD + D 2 ⇄ PD 3 step was replaced by PD + D ⇄ PD 2 . However, none of the models other than that of scheme (14) was able to reproduce the experimental behaviour. The inclusion of D 2 ' in models as scheme (14) produces negligible effects as this species is largely minority. In scheme (14) P + D ⇄ PD is the rate-determining step, whereas other equilibria are fast.
Here a pre-formed TFT-TFT dimer (D 2 ) is able to bind DNA in a polymer section where some dye molecules are already intercalated (PD), leading to formation of a both intercalated and externally bound species (PD 3 ). This "crowded" situation is made possible by the conditions of high dye loading. In the PD 3 form, the D 2 dimer could be bound to a DNA groove. In fact, the existence of a TFT/DNA complex form where a dimer inserts itself into the polymer groove was already advanced by other authors. 12 Moreover, the high affinity of TFT for DNA cavities has been very recently documented.
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Conclusions
As concerns TFT self-aggregation, an unusual isomerisation reaction of dye dimer was found to take place. In the case of DNA binding, similarly to other small molecule/polynucleotide systems 40 , each approach was differently sensitive to a particular aspect of the investigated process. This strengthens that multiple techniques are needed to obtain a comprehensive picture of such complicate systems. Small molecules can interact with polynucleotides simultaneously by intercalation and groove binding: this is accepted in principle but has been infrequently demonstrated in real systems. In the here investigated TFT/DNA system, under condition of high dye content and non-negligible TFT dimerization, formation of a simultaneously intercalated and groove bound complex is likely to occur. On the whole, the proposed mechanism is shown below (scheme (18)).
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Acknowledgements Financial support of "Obra Social La Caixa" is gratefully acknowledged. was purchased from Sigma-Aldrich in the form of lyophilised sodium salt, dissolved into water and sonicated to reduce the polynucleotide length (to ca. 500 base pairs) following an already described procedure. 41 Stock solutions were standardised spectrophotometrically, using ε = 13200 M -1 cm -1 at
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Materials
260nm, I = 0.1M (NaCl), pH 7.0. 42 The DNA concentrations are expressed in molarity of base pairs and are indicated as C P . Sodium chloride, sodium iodide and sodium cacodylate (NaCac = (CH 3 ) 2 AsOONa) were all analytical grade from Sigma-Aldrich and were used without further purification. Sodium chloride was used to adjust the ionic strength and sodium cacodylate (1.0×10 -2 M) was employed to keep the pH of the solutions at the value of 7.0. Ultra-pure water from an MillyQ Millipore purification system was used throughout. with a digital stopwatch; mean values of at least triplicated measurements were used to evaluate the sample viscosity. To enhance data reliability and reproducibility, particular care was used to wash the viscosimeter capillary; the washing sequence (using ultrapure solvents and particulate-free gas)
Methods
Measurements
was water-acetone-water-ethanol-N 2 drying. To properly analyze the viscosity measurements, the relative viscosity was calculated using the equation (9) of the text.
Kinetic measurements were performed on a T-jump apparatus (∆T = 2.7 °C) made in our laboratory, which is based on the Rigler et al. prototype. 43 A Xenon lamp -monochromator system was used as light source and suitable silica photodiodes (Hamamatsu S1336, Japan) were used to detect the signal as absorbance changes. Experiments on dye self-aggregation were done at λ = 450 TFT alone, spread ≤ 10% for the experiments with TFT+DNA).
Molecular dynamics of TFT in explicit water
As no experimental structures are available for TFT bound to dsDNA's we have derived structures performing hybrid QM/MM MD simulations of the intercalated monomer and of a minor groove bound dimer. TFT was represented using the general AMBER force field (GAFF), 44 while RESP charges have been obtained performing a quantum chemistry calculation on the isolated molecule using Gaussian09. 45 Water molecules were
represented by the TIP3P model and DNA was simulated using the AMBER parm99/bsc0 force field. 46 DNA was represented by a B-DNA dodecamer, generated using the nucgen module of AMBER and having the sequence d(ATATATATATAT) 2 . The initial conformation of the TFT−DNA complexes was simulated in a truncated octahedron with periodic boundary conditions. Sodium ions were added to the system to neutralize the charge. The solute was surrounded by roughly 5700 TIP3P water molecules, leaving about 10Å space between the solute and the faces of the box. In all MD trajectories we considered a cutoff of 9.0Å, and Ewald particle mesh algorithm was used to evaluate electrostatic interactions. 47 Bonds to hydrogen atoms were fixed with the SHAKE algorithm. 48 Temperature was controlled using the Langevin alghoritm 49 with collision frequency of 2 ps -1 . 50 QM/MM MD simulations 51 with periodic boundary conditions were performed using SANDER which is part of the AMBER12 suite of programs. 49 The QM region was described by the PM6 method 52 with an empirical dispersion correction (PM6-D). 53 The SHAKE algorithm was used to restrain the bonds containing hydrogen in both QM and MM regions, allowing a time step of 2 fs to be used. 54 After a full MM energy minimization, the system was equilibrated at 300 K for 1ns using constant volume and temperature (nVT) and then by constant pressure and temperature (nPT) to 1 bar pressure using the QM/MM MD with the TFT now treated quantum mechanically. ' represent respectively the equilibrium concentration of the dye monomer and dye dimer in two different forms. Let's define also the equilibrium constant of dimerization as
and k iso , k -iso and K iso = k iso /k -iso respectively the forward and backward rate constants and the equilibrium constant of the isomerisation process (S1.2). The mass equation for the dye is
and can be expressed in its differentiated form as follows
where ∂i indicates the deviation from equilibrium of the i-th species caused at the temperaturejump. Differentiation of (S1.3) yields
Substitution of (S1.6) in (S1.5) yields equation (S1.7)
The differential kinetic law for equation (S1.2) is
Form equations (S1.8) and (S1.7) we obtain
whose integration yields the expression for the reciprocal relaxation time 1/τ as (equation (3) of the text)
The relationship between the monomer concentration D and the total analytical concentration CD can be obtained using equations (S1.3), (S1.4) and the definition of K iso :
That is, a second order function with only possible positive solution equal to
For the analysis of data points according to equation (S1.10) in a first step [D] = C D approximation is used to obtain first K dim and K iso = k iso /k -iso rough evaluation that enable to calculate [D] and replot the data with an iterative procedure, until convergence is reached.
Derivation of equations (11)-(12) of the text
Consider the following reaction scheme (S2.1)
As concerns the fast step, in the fast time scale the slow one can be neglected and the rate law, written in a differential way, is the following and thus
Considering now the slow step, the fast one has to be intended as a pre-equilibrium with relevant
The differential mass conservation law respect to the dye is
with δD = δP, thus
The rate law, written in a differential way, is the following
and thus
Derivation of equation (14) of the text
Consider the following reaction scheme
where the formation of PD (slow) is supposed to be rate determining, whereas the other steps are fast. P and D indicate respectively free polymer and free dye monomer, D 2 is the dye dimer, PD the DNA/dye monomer complex and PD 3 a DNA/dye monomer/dye dimer complex. According to this scheme
The mass conservation equations in differential form for polymer and dye are
Differentiation of the expressions for K dim , K f and K 3 yield the relationships where D, D 2 and D 2 ' represent respectively the equilibrium concentration of the dye monomer and dye dimer in two different forms. These two equations are coupled together.
Since the two reactions are thermodynamically independent, in principle two different kinetic effects could be observed, whose amplitude can be expressed on the basis of normal reactions. If the coefficients that multiply the elementary reactions (S4.1) and (S4.2) equations in order to find the two normal modes of reaction are respectively 1 and γ k , the two normal reactions are described by eq.(S4.3), which results from adding γ k times reaction (S4. Hence, the first normal reaction coincides with the elementary reaction (S4.1).
For k = 2, λ k = λ 2 and, being λ 2 << λ 1 = r 1 g 11 
